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• Provides unification of forces, 
dark matter candidate, and 
solution to hierarchy problem 

• Higgs mass quadratic corrections 
cancelled by new 
supersymmetric partners; 
higgsinos, stops and gluinos 
especially influential 

➡What do we search for first? 

SUSY (The Defendant)
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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• Naturalness = reduce fine 
tuning ⟹ 10% 

• Dark matter candidate!
Dominantly (but not purely) 
higgsino 

• Lightest three higgsinos are 
compressed (Δm ~ few GeV)
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Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

H̃

t̃L

b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃

L̃i, ẽi
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Higgsino Searches at ATLAS
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Figure 1: Diagrams representing the two lepton final state of (a) associated electroweakino H�0
2 H�
±
1 and (b) slepton

pair H̀H̀production in association with an initial state radiation jet. In addition to (a), this analysis is also sensitive
to H�0

2 H�
0
1 and H�±1 H�

⌥
1 production.

muon spectrometer (MS). The ID provides precision tracking of charged particles in pseudorapidity region54

|⌘ | < 2.5, consisting of pixel and microstrip silicon subsystems within a transition radiation tracker. An55

insertable B-layer [37] was added for
p

s = 13 TeV data-taking to improve tracking performance. These56

are immersed in a 2 T axial magnetic field provided by a superconducting solenoid. High-granularity57

lead/liquid-argon electromagnetic sampling calorimeters are used for |⌘ | < 3.2. Hadronic energy deposits58

are measured in a steel/scintillator tile barrel calorimeter in |⌘ | < 1.7. Forward calorimeters extend the59

coverage to 1.5 < |⌘ | < 4.9 regions for both electromagnetic and hadronic measurements. The MS60

comprises trigger and high-precision tracking chambers spanning |⌘ | < 2.4 and |⌘ | < 2.7, respectively,61

surrounded by three large superconducting toroidal magnets. Events of interest are selected using a two-62

level trigger system [38], consisting of a first-level trigger implemented in hardware, which is followed by63

a software-based high-level trigger.64

3 Collision data and simulated event samples65

The search uses pp collision data at
p

s = 13 TeV from the LHC [39], collected by the ATLAS detector in66

2015 and 2016. Events are selected using triggers requiring significant Emiss
T , with thresholds that depend67
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1 production.
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LEP2
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Current Exclusion

2L compressed
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Current Exclusion

Disappearing track

!14

Pure higgsino/wino state: 
Δm~100 MeV ⇒ long lifetime ~10-11s

[1] ATLASSummaryPlots

What if the LSP is dominantly higgsino?

• For a pure higgsino state: Δm~100 MeV   
⇒ has long lifetime ~10-11sec 

• Enough to sometimes go through 
the detector but then decay to      and 
soft pions  

• Disappearing track signature! 

• Main background: catastrophic interaction 
with the detector 

• Provides excellent limits at small Δm!

�39

χ+
1

χ0
1

ATL-PHYS-PUB-2017-019

[2] ATL-PHYS-PUB-2017-19

[1]

[2]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://cds.cern.ch/record/2297480/files/ATL-PHYS-PUB-2017-019.pdf
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Current Exclusion
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Relic density disfavors pure higgsino LSP! 
(Well-Tempered Neutralino)

[1] ATLASSummaryPlots

[1]

[3]

[3] arXiv:0601041

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://arxiv.org/abs/hep-ph/0601041
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Areas of Improvement
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New working point gives us 
muons down to 3 GeV (2019)
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Areas of Improvement
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New working point gives us 
muons down to 3 GeV (2019)

More 
luminosity

[1] ATLASSummaryPlots

[1]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
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What’s Next? 

200 400

!18

• Natural SUSY is still well-motivated! (& experimental constraints are 
weakest in the electroweak sector) 

- Fine tuning < 10% possible for m(   ) < 2.5 TeV and m(   ) < 1.5 TeV

• Next analysis: 1L + track, softer leptons, HL-LHC! (2026+) 

g̃ t̃
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What’s Next? 
• Natural SUSY is still well-motivated! (& experimental constraints are 

weakest in the electroweak sector) 

- Fine tuning < 10% possible for m(   ) < 2.5 TeV and m(   ) < 1.5 TeV [4]

• Next analysis: 1L + track, softer leptons, HL-LHC! (2026+) 

[4] arXiv:1611.05873

https://arxiv.org/pdf/1611.05873.pdf
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• Natural SUSY is still well-motivated! (& experimental constraints are 
weakest in the electroweak sector) 

- Fine tuning < 10% possible for m(   ) < 2.5 TeV and m(   ) < 1.5 TeV [4]

• Up next: softer leptons, 1L + track, HL-LHC! (2026+) 

g̃ t̃

What’s Next? 

[4] arXiv:1611.05873

https://arxiv.org/pdf/1611.05873.pdf
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Precision Corrections to Fine Tuning

!22

Buckley, Monteux, Shih arXiv:1611.05873

Λ=�� ���

Λ=��� ���

Figure 6: Top: 10% fine tuned regions with ⇤ = 20 TeV (left) and ⇤ = 100 TeV (right),

with respect to the gluino mass (green) and the stop mass (blue, delimited by blue and purple

lines), for 1st/2nd generation squarks degenerate with the third generation (solid lines), at

5 TeV (dashed lines) and at 10 TeV (dotted lines). The wedge-shaped intersection (delimited

by red lines) is the fully natural �  10 region. Bottom: Left: same as the other plots, but

for ⇤ = 10
7
GeV. Right: same as the other plots, but for ⇤ = 10

16
GeV and 1% fine-tuning,

that is, the lines and shaded regions correspond to �  100.

(top, left), 100 TeV (top, right), 107 GeV (bottom, left) and 1016 GeV (bottom, right).

The shaded areas mark the regions where the contribution to the Higgs fine-tuning is

less than 10% (except for ⇤ = 1016 GeV, where we show 1% tuned regions instead):

in green is the natural region for the gluino, while in blue we see the stop natural

parameter space. The dashed and dotted lines indicate how the natural regions evolve

as the 1st/2nd generation squark are taken to 5 and 10 TeV, respectively. Red lines

delimit the intersection of gluino and stop regions, i.e. the region in which both gluinos

15

 ≤ 10

can be reduced to a one-dimensional problem as in the Standard Model,

V = m
2
H

|H|
2 + �|H|

4 (2)

where m
2
H

will be in general a linear combination of the various masses of the Higgs fields with

coe�cients that depend on mixing angles, e.g. � in the MSSM.2 Each contribution, �m
2
H

,

to the Higgs mass should be less than or of the order of m
2
H

, otherwise various contributions

need to be finely tuned to cancel each other. Therefore �m
2
H

/m
2
H

should not be large. By

using m
2
h

= �2m2
H

one can define as a measure of fine-tuning [26],

� ⌘
2�m2

H

m
2
h

. (3)

Here, m
2
h

reduces to the physical Higgs boson mass in the MSSM in the decoupling regime. In

fully mixed MSSM scenarios, or in more general potentials, m
2
h

will be a (model-dependent)

linear combination of the physical neutral CP-even Higgs boson masses. As is well known,

increasing the physical Higgs boson mass (i.e. the quartic coupling) alleviates the fine-

tuning [34, 35].

If we specialize to the decoupling limit of the MSSM and approximate the quartic coupling

by its tree level value � / (g2 + g
02) cos2 2�, then we find that m

2
h

= cos2 2� m
2
Z
. We then

recover the usual formula for fine tuning in the MSSM, Eq. 1, in the large tan � limit.

In a SUSY theory at tree level, m
2
H

will include the µ term3. Given the size of the

top quark mass, m
2
H

also includes the soft mass of the Higgs field coupled to the up-type

quarks, mHu . Whether the soft mass for the down-type Higgs, mHd
, or other soft terms in

an extended Higgs sector, should be as light as µ and mHu is instead a model-dependent

question, and a heavier mHd
can even lead to improvements [48]. The key observation that

is relevant for SUSY collider phenomenology is that higgsinos must be light because their

mass is directly controlled by µ,

µ <
⇠ 200 GeV

✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(4)

2 It is straightforward to extend this discussion to include SM singlets that receive vevs, see for example [35].
3 In theories where the µ-term is generated by the vev of some other field, its e↵ective size is generically

bound to be of the order of the electroweak scale by naturalness arguments. For a proof in the NMSSM

see, e.g., [35].

8

!X

m2
H

= m2
H,bare

+�m2 ��m2

And the last miracle is… 

In order for this (very naive) picture to hold, 
the SUSY particle spectrum must start at the TeV scale or lower 

So we should be producing sparticles at the LHC13

Δm2 = |μ |2 (at tree level) 

μ ≤ 400GeV

https://arxiv.org/pdf/1611.05873.pdf
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Why Quasi-Degenerate? 

Wino/bino as lightest electroweakino, # light states is different! 
• one neutral state for a light bino;
• one neutral and one charged state for a light wino.

Depends on neutrino mass matrix in MSSM! Using 
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decoupled. Once electroweak symmetry is broken, the Higgsinos mix with the neutral bino, and both the
charged and neutral components of the wino multiplet. This mixing splits the Higgsino multiplets, giving
slightly di↵erent masses to the two neutral Higgsino states �0

1, �
0
2 and the charged state �±

1 and endowing
these three states with a small wino or bino component. The size of the splitting and the hierarchy among
the three states depends on the size of M1 and M2 relative to each other and to µ. Note that, had we chosen
the bino or wino to be the lightest electroweakino, the number of light states would be di↵erent; one neutral
state for a light bino, or one neutral and one charged state for a light wino.

To get some idea for the typical splitting size and parametric dependences of the mass splitting, we first
proceed analytically and look in two simple limits, M1 � M2 > |µ| and M2 � M1 > |µ|. Throughout this
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where for simplicity we neglect all CP phases.

Case I: M1 � M2 > |µ|
In this case, the heavy bino can be integrated out. Depending on the sign of µ, the mixing angle between
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where the ± index corresponds to when µ is positive or negative, respectively. As M2 approaches |µ| the
wino fraction in the lightest neutralino increases, while the wino fraction in the next-to lightest neutralino
remains approximately constant. From Eq. (4) and Eq. (5) it is clear that the lightest neutralino and
chargino are more degenerate than the second neutralino and the lightest chargino.

Case II: M1 � M2 > µ scenario
In this case, the heavy wino component can be integrated out. Similar to the previous scenario, depending
on the sign of µ, the splittings between the lightest neutralinos and the chargino are
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Since t✓W ' 0.5, the mixing between the (heavy) bino and the Higgsino is smaller than the mixing of a
(heavy) wino and the Higgsino of the first case, leading to a smaller overall splitting between the neutralinos
and the chargino. Furthermore, unlike the first case, the splitting between �0

1 and �±
1 is greater than between

�
0
2 and �±

1 .

Numerical Scan of the bino-wino Parameter Space

4

decoupled. Once electroweak symmetry is broken, the Higgsinos mix with the neutral bino, and both the
charged and neutral components of the wino multiplet. This mixing splits the Higgsino multiplets, giving
slightly di↵erent masses to the two neutral Higgsino states �0

1, �
0
2 and the charged state �±

1 and endowing
these three states with a small wino or bino component. The size of the splitting and the hierarchy among
the three states depends on the size of M1 and M2 relative to each other and to µ. Note that, had we chosen
the bino or wino to be the lightest electroweakino, the number of light states would be di↵erent; one neutral
state for a light bino, or one neutral and one charged state for a light wino.

To get some idea for the typical splitting size and parametric dependences of the mass splitting, we first
proceed analytically and look in two simple limits, M1 � M2 > |µ| and M2 � M1 > |µ|. Throughout this
study we will take M1 and M2 to be strictly positive. The neutralino mass matrix in the MSSM in the
( eB0

,fW 0
, 

0
d
, 

0
u
) basis is

M
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But we haven’t found anything yet!
The Stop 

Limits up-to ~1 TeV in stop mass … but no limits if m(LSP) ≳ 400 GeV 
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The Gluino 
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But we haven’t found anything yet!
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ATLAS SUSY Summary
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2L Higgsino Search

Pre-selection

6
Peter Tornambè (Uni-Freiburg)

Starting with some basic cuts following the suggestions from theoretical 
papers and from the Run-2 analysis: 

• Met > 200 GeV →  trigger 
• pT(jet1)>200 GeV → ISR 

• |!"(jet,Met)| > 1.0 → mis-measured Met 

• nJet(50 GeV)=1,2 → no jets expected from the signal 
• bJet veto → ttbar background 
• upper cut on lepton pT → soft leptons in the final state; 
• upper cut on mll → small invariant masses expected; 
• Met/Ht → good discrimination as seen in the Run-2 analysis; 

• m## → Z## background;
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Making ETmiss with ISR
• With no other final state objects, LSPs are back to back, no ETmiss in event 

• Require ISR jet: collimate LSPs, generate measurable ETmiss for trigger

pTLSP1 = 100 GeV

pTLSP2 = 100 GeV

pTLSP1 = 100 GeV

pTLSP2 = 100 GeV

Total ETmiss = 0 GeV Total ETmiss = 200 GeV
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